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Defect-enhanced photoconductive response of silicon-implanted borosilicate glass
Gong-Ru Lin, a) Chun-Jung Lin, and Chi-Kuan Lin The EЈ ␦ -defect-enhanced photoconductivity of a metal-semiconductor-metal photodetector (MSM-PD) made on Si-implanted borosilicate glass ͑BSO: Si + ͒ substrate is reported. The dark current of as-implanted BSO: Si + MSM-PD is only 0.1 nA at bias of 70 V. The photocurrent of as-implanted BSO: Si + MSM-PD illuminated at 488 nm is 0.91 nA, corresponding to photoconductive gain of 9.1 dB. The EЈ ␦ -defects luminescent at 520 nm are activated after 2 h annealing, which enhances the photocurrent of BSO: Si + MSM-PD by one order of magnitude. Optimized responsivity, noise equivalent power, and detectivity of BSO Si-rich SiO 2 materials were synthesized for potential applications in white-light emitting devices.
1,2 The Si implantation is the most intriguing technique 3 since which provides a precise control for the density and distribution of the excess Si ion in SiO 2 . Thermal annealing facilitates the activation of irradiative defects in Si-implanted SiO 2 ͑SiO 2 :Si + ͒, such as the EЈ ␦ defect (a precursor of nanocrystallite Si) 4 with photoluminescence (PL) at 520-550 nm, and the nonbridge oxygen hole center 5 with PL at 610-650 nm. Hightemperature (usually Ͼ1000°C) and long-term annealing further leads to the quenching of defect-related PL and to the formation of nanocrystallite Si (nc-Si) in SiO 2 :Si + . The studies on the photocurrent response of SiO 2 :Si + and Siimplanted borosilicate glass ͑BSO: Si + ͒ 6,7 were previously investigated. Choi et al. 8 observed a negative photoconductivity in a metal-SiO 2 :Si + -Si diode with dense nc-Si under UV illumination. Hirano et al. 9 studied the photoconductivity of the Si/ SiO 2 multilayers containing nc-Si with a size of 3 -5 nm. Coffa et al. 10 demonstrated the charge storage and negative photoconductivity of nc-Si embedded in SiO 2 / p -Si. These results suggest a strong correlation between the nc-Si and the anomalous photoconductivity. Nevertheless, there were few reports on the defect-related photoconductivity of these materials. In this work, the wavelengthdependent blue-green photoconductivity of an interdigitized metal-BSO: Si + -metal photodetector (MSM-PD) is characterized.
A strong correlation between the EЈ ␦ -defect-enhanced photocurrent and the depth distribution profile of excess Si atoms in BSO: Si + is elucidated. The BSO: Si + samples were prepared by multienergy Si implanting the 125-m-thick BSO glass at 50, 100, and 200 keV with a constant dosage of 10 16 ions/ cm 2 . The BSO: Si + samples were encapsulated annealing in quartz furnace with forming gas at 500°C from 1 to 4 h at 1 h increment. Afterward, the BSO: Si + MSM-PDs with 150-nm-thick aluminum Schottky contacts and five interdigitized finger electrodes were fabricated. The finger width (and spacing), and the active area of the MSM-PD are 5 m and 50 ϫ 50 m 2 , respectively (see Fig. 1 ). The photocurrent was measured using a programmable electrometer (Keithley, model 6517) with resolution as low as 100 fA. The capacitance of the BSO: Si + MSM-PD is about 0.1 pF at bias of 45 V. The MSM-PD was illuminated by a white-light laser with output power and focused spot size of 1.5 mW and 50 m, respectively. The responsivity R of the MSM-PD is calculated using
where I photo and I dark denote the photo-and dark-current of the BSO: Si + MSM-PD, A laser is the area of the focused laser spot, A MSM-PD is the active area of the MSM-PD, and P laser is the laser power at the illuminating end. The noise equivalent power [(NEP) defined as the ratio of output noise to responsivity] of BSO:
, where I n is the detected current, e is the electron charge, I d is the dark current, and B is the operational bandwidth of B = ͑1/2͒͑r ϫ C͒ with r and C denoting a)
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The dark current of as-implanted BSO: Si + at bias of 70 V is 0.1 nA, which is ten times larger than the BSO glass (see Fig. 1 ). The enlarged dark current results from hopping conduction among defects or surface enhanced tunneling (due to the reduction in junction barrier height). The wavelength-dependent photocurrent response of the asimplanted BSO: Si + MSM-PD is also observed. The absorption coefficient of the BSO: Si + is Ӷ10 −3 cm −1 in visible wavelength, avoiding the illumination-induced substrate heating effect. This is confirmed by the unchanged dark current response of the as-implanted BSO: Si + before and after illumination. The photocurrent of as-implanted BSO: Si + MSM-PD is 0.66 nA at 514.5 nm, corresponding to the photocurrent gain ͑I photo / I dark ͒ and optical responsivity of 6.6 dB and 0.74 A / W, respectively. Illuminating at a shorter wavelength further improves the photocurrent response. As shown in Fig. 2 , the thermionic emission at the aluminum-BSO junction barrier requires energy of 3.38 eV, the bandgap energy of BSO is 8.9 eV, and the hole emission from the EЈ ␦ -defect level requires an energy of 6.49 eV. Obviously, the pumping energy of 2.54 eV is only sufficient to excite electrons from the EЈ ␦ defect 11 to the conduction band of BSO: Si + . The electron paramagnetic resonance (EPR) analysis corroborates the complete activation of EЈ ␦ defects in 2 h annealed BSO: Si + (see Fig. 2 ), 12-14 which reveals a zerocrossing g value of 2.0019. The generation of EЈ ␦ defects after implantation and annealing is confirmed by PL analysis. (see Fig. 3 ) Since the energy distribution of the EЈ ␦ -defect level in BSO: Si + is relatively broadened, the photoconductivity becomes observable when the pumping wavelength is shorter than 587 nm. A higher-energy excitation of the BSO: Si + MSM-PD alternatively provides the carriers with large kinetic energy to tunnel through defects. To verify these two possibilities, the wavelength-dependent photocurrent response of the BSO: Si + MSM-PD at bias of 50 V is performed, as shown in Fig. 4 . The optical responsivity of the BSO: Si + MSM-PD increases as the illuminating wavelength shortens, which saturates at near-UV region with a maximum value of 0.5 nA (corresponding to 0.55 A/W). The photocurrent diminishes at a wavelength beyond 650 nm. The equivalent defect density obtained from the integral of PL spectra coincides well with the wavelength-dependent profile of photocurrent response.
As the annealing time is prolonged to 2 h, the maximum PL intensity contributed by the activated EЈ ␦ defects at 520 nm in BSO: Si + is obtained (see the inset of Fig. 4) . However, the elimination of these defects at longer annealing durations inevitably leads to a decreasing photocurrent response. After 4 h of annealing, the photocurrent of BSO: Si + MSM-PD illuminated at 514.5 nm significantly decreases from 3.1 nA (maximum value at 2 h annealing condition) to 0.7 nA. The EPR analysis also reveals the long-term annealing-induced reduction in E ' ␦ -defect density due to oxidation effect. These observations correlate well with the degrading photoconductivity of the 4 h annealed BSO: Si Table I . To further realize the effect of distributed defects on the photocurrent response of the BSO: Si + MSM-PD, the BSO: Si + substrates were etched by a BOE solution with the etching depth changing from 100 to 300 nm at a 100 nm incensement prior to the fabrication of MSM-PD, and then MSM patterns are fabricated on the BSO: Si + samples. The photocurrent of the MSM-PD made on 100-nm-etched BSO: Si + becomes at least twice larger than that made on original BSO: Si + (see Fig. 5 ), which is mainly attributed to the removal of surface oxide layer after etching. The distribution profile of excess Si atoms is a Gaussian-type function and the implanted density of Si atoms is extremely small beneath the BSO glass surface with a layer thickness of about 10 nm according to the TRIM simulation. A tunneling-like carrier transport is required through such a thin layer with same insulating property as the original BSO glass. The etching process releases the tunneling transport of a photoexcited carrier from BSO: Si + to the surface contact by removing the thin insulating layer. Nonetheless, the photocurrent eventually decreases when the BSO: Si + surface is overetched, which strongly correlates well with the depth profile of the implanting dose.
Previously, Choi and Elliman 8 reported a different negative photoconductivity phenomenon in the metal-insulatorsemiconductor (MIS) diode made on SiO 2 :Si + / p-Si containing nc-Si, where the photoionized electrons from the oxide/ nc-Si layer recombine with holes in the accumulation layer formed at the SiO 2 :Si + / Si interface under forward bias. The nc-Si in the SiO 2 :Si + is then positively charged by the remaining hole, which eventually screens the bias voltage and results in a decreasing photocurrent at a certain voltage. If the current decreased by this effect becomes larger than the current increased by the photoexcitation of extra holes in the accumulation layer, the negative photoconductivity is observed. Coffa et al. 10 also confirmed that the observed negative photoconductivity (if larger than the current caused by the photoexcitation of carriers) is mainly contributed by the nc-Si embedded in the SiO 2 :Si + layer after a subsequent annealing at 1000°C for 1 h in flowing argon gas. However, in our experiment, the phenomenon of negative photoconductivity is not found, since the annealing temperature of our BSO: Si + sample is much lower than that in Choi's experiment. In contrast, the BSO: Si + MSM-PD behaves rather like a double-barrier (MIS-insulator-metal) tunneling diode made on defect-rich substrate. The carrier transport mechanism is completely different from that of the MIS diode 
